Abstract: Silver nanoparticles (AgNPs) are widely used nanomaterials in both commercial and clinical biomedical applications, due to their antibacterial properties. AgNPs are also being explored for the treatment of cancer in particular in combination with ionizing radiation. In this work, we studied the effects of AgNPs and ionizing radiation on mitochondrial redox state and function in a panel of lung cell lines (A549, BEAS-2B, Calu-1 and NCI-H358). The exposure to AgNPs caused cell cycle arrest and decreased cell proliferation in A549, BEAS-2B and Calu-1, but not in NCI-H358. The mitochondrial reactive oxygen species (ROS) and protein oxidation increased in a time-and dose-dependent manner in the more sensitive cell lines with the AgNP exposure, but not in NCI-H358. While ionizing radiation also induced changes in the mitochondrial redox profiles, in general, these were not synergistic with the effects of AgNPs with the exception of NCI-H358 and only at a higher dose of radiation.
Introduction
Engineered nanoparticles, defined as materials having at least one dimension less than 100 nm in size, made of materials, including metals (silver, gold, iron, and others), are increasingly used for industrial application and as components of consumer products [1, 2] . Because of their small size and the resulting changes in physical and chemical properties, nanoparticles can potentially be used to treat diseases, including cancer at the subcellular level [3] . However, they may cause adverse health effects that are distinct from the known toxicities of bulk materials [1] . As the use of nanoparticles expands, human exposure in occupational settings, after consumer use, and in a medical application will also increase [2, 4] .
Among metallic nanoparticles, silver nanoparticles (AgNPs) are the most widely used for consumer, industrial, and biomedical applications because of their unique physical, chemical, optical, catalytic, antibacterial properties [4] [5] [6] . They are manufactured in a wide variety of sizes and forms, including spheres, rods, cubes, wires and triangles [6] . Due to the antimicrobial activity, AgNPs are used in several medical products, including wound dressings, catheters, implants and medical textiles to prevent infection and potentially could provide alternatives for overcoming the antibiotic resistance [7, 8] . Preclinical studies also indicate that AgNPs are cytotoxic to cancers of the brain [9, 10] , cervix [11] , liver [12] , colon [13] , lung [14] , pancreas [15] , breast [16] , ovary [17] , and blood [18, 19] , and could potentially be used for treatment of cancer. Nevertheless, many questions regarding human health risks still remain. Previous studies have demonstrated associations between AgNPs mediated cytotoxicity, oxidative stress, mitochondrial damage and cell cycle arrest or apoptosis individually in various cell lines [5, [20] [21] [22] [23] [24] . Additionally, rodent studies have shown dose and size-dependent pulmonary inflammation and altered pulmonary function after inhalation of AgNPs [25] [26] [27] .
Mitochondria are involved in the maintenance of cell viability and function and regulation of cell metabolism. Mitochondrial damage and dysfunction are implicated in aging [28, 29] , and a range of human diseases, including cancer and neurodegenerative diseases [30, 31] . The mitochondria produce ATP through the electron transport chain and are also a major source of reactive oxygen species (ROS) in cells. Low levels of ROS are directly removed by antioxidants within mitochondria; however, during the cellular stress, the accumulation of ROS can damage mitochondrial components, including mitochondrial DNA, protein and lipids. This, in turn, can lead to mitochondrial dysfunction and a further increase in ROS production [32] . Protein cysteine thiols play an important role in mitochondrial antioxidant defense and their modifications are part of redox signal transduction and possibly mitochondria-cell communication [33, 34] . The thiols can react with H 2 O 2 to form highly reactive sulfenic acids [35] . As a first step of many oxidative processes, sulfenic acids are an important target for studying cellular processes involving protein oxidation [36] . Identification of the redox state of mitochondria-specific proteins is challenging. To facilitate studies of mitochondrial protein oxidation, we recently developed a novel probe (3-(2,4-dioxocyclohexyl)propyl-Net 2 -Coumarin (DCP-Net 2 C)) to specifically image sulfenylated proteins in mitochondria [37] , which enables examination of the effects of AgNPs on mitochondrial protein oxidation in intact cells.
Because the lung is a likely site for environmental and occupational exposure to AgNPs, in this work, we describe the effects of AgNPs and ionizing radiation on mitochondrial redox state and function in a diverse panel of lung cell lines. In order to understand and potentially mitigate long term adverse health effects that may occur as a result of exposure to AgNPs, especially following inhalation, it is important to examine the sublethal effects of AgNPs on mitochondria. As other ROS inducers, including ionizing radiation, can potentially increase the toxic effects of AgNPs [38, 39] we have also investigated the combined effects of AgNPs and radiation on mitochondria. We show that the exposure to AgNPs increases mitochondrial ROS and protein oxidation in a dose-and time-dependent manner impacting cell cycle and cell proliferation. Nevertheless, there was variability in response to AgNPs between the cell lines and the sensitivity to AgNPs was associated with increased mitochondrial spare respiratory capacity and the mitochondrial content in cells. With the exception of NCI-H358, ionizing radiation did not significantly impact the sensitivity to AgNPs.
Materials and Methods

Cell Culture
The experiments were performed with a panel of four lung cell lines: Three cancer cell lines (A549, Calu-1 and NCI-H358) and one transformed lung epithelial cell line (BEAS-2B). All cell lines were obtained from the American Type Culture Collection (ATCC). Cells were cultured at 37 • C under 5% CO 2 , in Ham's F-12K (Kaighn's) medium (Gibco/Thermo Fisher Scientific, Waltham, MA, USA) for A549, RPMI-1640 medium (Gibco/Thermo Fisher Scientific, Waltham, MA, USA) for Calu-1 and NCI-H358 and DMEM medium (Gibco/Thermo Fisher Scientific, Waltham, MA, USA) for BEAS-2B. Culture media for all cells was supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco/Thermo Fisher Scientific, Waltham, MA, USA).
Treatment with AgNPs and Ionizing Radiation
Previous studies indicated that the size and coating of AgNPs could affect the toxicity profile of AgNPs in colorectal cancer and murine monocyte/macrophage cell lines [40] . In contrast, we previously observed that size, shape, and coating of AgNPs did not affect the toxicity profile of AgNPs in triple negative breast cancer cell lines [41] . Thus, the toxicity of AgNPs is determined by both the physical and chemical properties of AgNPs and by the metabolic phenotype of cells. As the goal of the studies reported here was to investigate the cellular determinants of sensitivity to AgNPs, we have used a single type of AgNPs with a minimal polyvinylpyrrolidone coating (PVP, 0.2 wt%; SkySpring Nanomaterials). These AgNPs have been characterized for size, shape, aggregation, hydrodynamic diameter, and ζ-potential in an earlier study [39] . Briefly, transmission electron microscopy (TEM) and dynamic light scattering (DLS) showed that dehydrated AgNPs were generally spherical in shape and 23 ± 14 nm in size. The ζ-potential of AgNPs in the water at pH 7 was approximately −36 mV, indicating good colloidal stability. These particles exist as a heterogeneous mix of different sized aggregates when dispersed in media. For the experiments included here, the cells were exposed to AgNPs in complete medium for the indicated concentrations and durations.
The ionizing radiation (IR) was applied with a 444 TBq 12,000 Ci self-shielded 137 Cs (Cesium) irradiator (Mark 1, Model 68A, JL Shepherd and Associates, San Fernando, CA, USA) with indicated doses. The relative timing of AgNPs and IR treatment is described in each figure legend.
Analysis of Mitochondrial ROS and Protein Oxidation
For analysis of mitochondrial ROS, the cells were treated with 10 µM MitoPY1 (Tocris Bioscience, Bristol, United Kingdom; mitochondrial H 2 O 2 ) or 1 µM MitoSOX (Invitrogen, Carlsbad, CA, USA; mitochondrial superoxide and overall redox state) and analyzed by flow cytometry. Changes in mitochondrial protein oxidation with AgNPs and IR exposure were similarly quantified by flow cytometry after treating the cells with 50 µM mitochondria-targeted probe DCP-Net 2 C [37] . Cell mitochondrial content was quantified with 100 nM MitoTracker Green (Invitrogen, Carlsbad, CA, USA). All cell treatments were for 30 min at 37 • C under 5% CO 2 .
Transmission Electron Microscopy (TEM)
Cells were treated with AgNPs (10 µg/mL) for 1 h then were washed thoroughly in PBS to remove AgNPs not bound or internalized by cells. Cells were fixed in 2.5% glutaraldehyde at 4 • C overnight. Next, fixed cells were scraped from the wells, pelleted, embedded in resin, cut into ultrathin sections (80 nm) and placed on copper coated formvar grids. All samples were imaged using an FEI Tecnai Spirit transmission electron microscope (Thermo Fisher Scientific, Waltham, MA, USA). Samples were imaged without additional staining to facilitate the detection of AgNPs. After treatment, the cells were washed twice with Dulbecco's phosphate-buffered saline (DPBS) (Lonza, Basel, Switzerland) and detached from the plates with trypsin. For mitochondrial content and ROS analysis, the cells were resuspended live and kept on ice. For the analysis of mitochondrial protein oxidation and cell cycle, the cells were fixed for 5 min with cold (−20 • C) methanol or for 30 min with 70% ethanol, respectively. Fixed cells were washed with DPBS before resuspending for analysis. For the analysis of the cell cycle, cells were treated with 100 µg/mL RNAse (Invitrogen, Carlsbad, USA) and stained with 50 µg/mL propidium iodide (Invitrogen, Carlsbad, CA, USA). The flow cytometry experiments were conducted with a BD FACS Canto II Cell Analyzer (BD Biosciences, San Jose, CA, USA), and 10,000-50,000 cells were analyzed for each condition. Each experiment was repeated at least three times independently. Data were analyzed using the FCS Express 6 Flow software (De Novo Software, Pasadena, CA, USA), and the Students' t-test was used to compare the mean fluorescence values between different conditions.
Cell Proliferation and ATP Assay
The cell proliferation was analyzed with CyQUANT assay (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocol, and the fluorescence was read with a Spark microplate reader (Tecan, Männedorf, Switzerland). The ATP content in cells was measured with CellTiter-Glo 3D assay (Promega, Madison, WI, USA) according to the manufacturer's protocol, and the luminescence was read with the Spark microplate reader. All conditions were measured in three technical replicates, and each experiment was repeated independently three times. The Students' t-test was used to compare the mean values between different conditions.
Mitochondrial Respirometry Analysis
The effects of AgNPs on the mitochondrial function were measured using the Seahorse Mito Stress Test following the manufacturer's protocol. Briefly, the day before the AgNP treatment, 1.5 × 10 4 cells/well were plated on a Seahorse plate. The next day 10 µg/mL AgNPs were added to the assigned wells and incubated for 24 h. On the day of the experiment, the assay media, compounds ( 
Results
Cell Proliferation
Changes in cell proliferation were measured using CyQuant proliferation-assay. The response to the exposure to AgNPs was both time-( Figure 1a ) and dose-dependent (Figure 1b ), but the response varied between the cell lines. The most sensitive cell line to the AgNP treatment was Calu-1, followed by BEAS-2B and A549. NCI-H358 was the least sensitive (most tolerant). Additional treatment with ionizing radiation using either 2 Gy or 5 Gy did not further decrease the cell proliferation compared to the AgNP treatment only, except for the NCI-H358 cell line that otherwise was comparatively tolerant to both AgNP treatment and ionizing radiation (p = 0.106 for AgNP with 2 Gy irradiation and p = 0.014 for AgNP with 5 Gy irradiation as compared with AgNP only).
To determine if the varied sensitivity of the four cell lines to AgNPs was due to differential uptake of AgNPs into cells, we examined the uptake and subcellular localization of AgNPs using transmission electron microscopy (TEM). AgNPs were internalized within 1 h and were found in membrane bound vesicles, likely endosomes, in all cell lines after 1 h exposure to AgNPs (Figure 2 ). The cell lines most sensitive to AgNPs (Calu-1 and BEAS-2B) appear to have higher intracellular levels of AgNPs compared with A549 and NCI-H358 cells. 
Cell cycle
The cell cycle was studied with flow cytometry using PI-staining. Exposure to AgNPs and ionizing radiation affected the cell cycle in all the cell lines studied (Figure 3 ), but the changes were cell line specific. The ionizing radiation-induced G1 phase arrest in the cells that contained the wildtype TP53 (A549 and BEAS-2B), whereas in the TP53 null cell lines (Calu-1 and NCI-H358) the cells accumulated mainly in the G2 phase. The population of cells in S-phase decreased after ionizing radiation in all cell lines. On the other hand, the AgNP exposure induced G2 arrest in A549 and Calu-1 cell lines, S-phase arrest in BEAS-2B and did not seem to have any effect on the cell cycle in the NCI-H358 cells. Only in the Calu-1 cells the exposure to combined AgNPs and ionizing radiation appeared to have a statistically significant effect on the increase in cell accumulation in G2 phase (p = 0.037 for , and NCI-H358 cells (g,h) was imaged by transmission electron microscopy 1 h after cells were exposed to AgNPs (10 µg/mL). Representative images are shown. Magnification was 11,000× for (a,c,e,g). Additional images of the areas shown in the left panels are included at higher magnification (30,000×) in the panels on the right (b,d,f,h). Clusters of AgNPs in vesicles are identified by white arrows in the lower magnification images.
Cell Cycle
The cell cycle was studied with flow cytometry using PI-staining. Exposure to AgNPs and ionizing radiation affected the cell cycle in all the cell lines studied (Figure 3 ), but the changes were cell line specific. The ionizing radiation-induced G1 phase arrest in the cells that contained the wild-type TP53 (A549 and BEAS-2B), whereas in the TP53 null cell lines (Calu-1 and NCI-H358) the cells accumulated mainly in the G2 phase. The population of cells in S-phase decreased after ionizing radiation in all cell lines. On the other hand, the AgNP exposure induced G2 arrest in A549 and Calu-1 cell lines, S-phase arrest in BEAS-2B and did not seem to have any effect on the cell cycle in the NCI-H358 cells. Only in the Calu-1 cells the exposure to combined AgNPs and ionizing radiation appeared to have a statistically significant effect on the increase in cell accumulation in G2 phase (p = 0.037 for 1 µg/mL AgNPs with 2 Gy irradiation and p = 0.028 for 10 µg/mL AgNPs with 2 Gy irradiation as compared with AgNPs only). 
Mitochondrial Reactive Oxygen Species (ROS)
The mitochondrial ROS was measured in live cells using flow cytometry. MitoPY1-probe was used for H2O2 detection and MitoSOX as a more general sensor of superoxide and mitochondrial redox state. The cell lines in our study had different basal levels of mitochondrial superoxide whereas the mitochondrial H2O2 levels were more similar, except for BEAS-2B that had the highest basal level of both H2O2 and superoxide (Figure 4 ). The cell line most resistant to AgNPs, NCI-H358, displayed the lowest level of mitochondrial superoxide (p = 0.001 compared with A549, p = 0.046 compared with BEAS-2B and p = 0.032 compared with Calu-1). Exposure to AgNPs increased both mitochondrial H2O2 (Figure 4a ) and mitochondrial superoxide (Figure 4b ) in all cell lines except in the resistant NCI-H358. On the other hand, the ionizing radiation increased both mitochondrial H2O2 and superoxide in the NCI-H358; whereas, the effect of ionizing radiation was much smaller in other cell lines and not statistically significant. Also, there appeared to be a small increase in mitochondrial ROS with combined exposure of AgNPs and ionizing radiation, but this was statistically significant only for superoxide in Calu-1 cells (p = 0.02 as compared to cells treated only with AgNPs). 
The mitochondrial ROS was measured in live cells using flow cytometry. MitoPY1-probe was used for H 2 O 2 detection and MitoSOX as a more general sensor of superoxide and mitochondrial redox state. The cell lines in our study had different basal levels of mitochondrial superoxide whereas the mitochondrial H 2 O 2 levels were more similar, except for BEAS-2B that had the highest basal level of both H 2 O 2 and superoxide ( Figure 4) . The cell line most resistant to AgNPs, NCI-H358, displayed the lowest level of mitochondrial superoxide (p = 0.001 compared with A549, p = 0.046 compared with BEAS-2B and p = 0.032 compared with Calu-1). Exposure to AgNPs increased both mitochondrial H 2 O 2 ( Figure 4a ) and mitochondrial superoxide (Figure 4b ) in all cell lines except in the resistant NCI-H358. On the other hand, the ionizing radiation increased both mitochondrial H 2 O 2 and superoxide in the NCI-H358; whereas, the effect of ionizing radiation was much smaller in other cell lines and not statistically significant. Also, there appeared to be a small increase in mitochondrial ROS with combined exposure of AgNPs and ionizing radiation, but this was statistically significant only for superoxide in Calu-1 cells (p = 0.02 as compared to cells treated only with AgNPs). 
Mitochondrial Protein Oxidation
Mitochondrial protein oxidation was analyzed using the recently developed probe DCP-NEt2C containing a protein sulfenic acid trapping moiety for detecting oxidized proteins and a coumarin moiety for the localization into the mitochondria and fluorescence detection [37] . In line with the mitochondrial ROS profiles, the AgNP exposure increased mitochondrial protein oxidation in a time and dose-dependent manner matching the sensitivity to AgNPs with the highest oxidation noted for Calu-1, followed by BEAS-2B, A549, and lastly NCI-H358 cells. The cell lines most sensitive to AgNPs (Calu-1 and BEAS-2B) showed higher level of basal mitochondrial protein oxidation (e.g., BEAS-2B relative to A549 and NCI-H358) or rapid increase in mitochondrial protein oxidation with the exposure time (Calu-1), whereas in A549 and NCI-H358 the protein oxidation increased only at the later time points or not at all (Figure 5a ). 
Mitochondrial protein oxidation was analyzed using the recently developed probe DCP-NEt 2 C containing a protein sulfenic acid trapping moiety for detecting oxidized proteins and a coumarin moiety for the localization into the mitochondria and fluorescence detection [37] . In line with the mitochondrial ROS profiles, the AgNP exposure increased mitochondrial protein oxidation in a time and dose-dependent manner matching the sensitivity to AgNPs with the highest oxidation noted for Calu-1, followed by BEAS-2B, A549, and lastly NCI-H358 cells. The cell lines most sensitive to AgNPs (Calu-1 and BEAS-2B) showed higher level of basal mitochondrial protein oxidation (e.g., BEAS-2B relative to A549 and NCI-H358) or rapid increase in mitochondrial protein oxidation with the exposure time (Calu-1), whereas in A549 and NCI-H358 the protein oxidation increased only at the later time points or not at all (Figure 5a ).
Mitochondrial protein oxidation also increased in the AgNP-sensitive cell lines as a function of increasing concentrations of AgNPs, and the increased oxidation was statistically significant in particular for concentrations greater than 10 µg/mL (Figure 5b ). The 2 Gy radiation increased mitochondrial protein oxidation significantly only in A549 cells and did not seem to have synergistic effects with AgNP exposure on mitochondrial protein oxidation (Figure 5c ).
To verify that the changes in the level of protein oxidation labeling were not due to changes in mitochondrial content induced by treatment with AgNPs, we used MitoTracker Green to quantify mitochondrial content in the cell. We did not detect any significant change with AgNP treatment in the four cell lines studied here (Figure 5e) . However, the cell lines most sensitive to AgNPs (Calu-1 and BEAS-2B) showed higher mitochondrial content under basal conditions compared with NCI-H358 cells (Figure 5e ). Additionally, different cell cycle phases have been reported to have different amounts of mitochondria and mitochondrial activity [42] . Therefore, we also analyzed the data stratified by cell cycle phase to ensure that the changes observed in the mitochondrial protein oxidation are not artifacts associated with differences in cell cycle distribution. As shown in Figure 5d for A549 cells as an example, the G2 phase has the highest amount of DCP-NEt 2 C labeling, followed by S-phase and G1 having the lowest amount of labeling. Nevertheless, the changes induced by the AgNP exposure on mitochondrial protein oxidation could be seen in all cell cycle phases and are, thus, not linked to the mitochondrial content of cell cycle phases. The same results were obtained for the other three cell lines (data not shown). Mitochondrial protein oxidation also increased in the AgNP-sensitive cell lines as a function of increasing concentrations of AgNPs, and the increased oxidation was statistically significant in particular for concentrations greater than 10 µg/mL (Figure 5b ). The 2 Gy radiation increased mitochondrial protein oxidation significantly only in A549 cells and did not seem to have synergistic effects with AgNP exposure on mitochondrial protein oxidation (Figure 5c ).
To verify that the changes in the level of protein oxidation labeling were not due to changes in mitochondrial content induced by treatment with AgNPs, we used MitoTracker Green to quantify mitochondrial content in the cell. We did not detect any significant change with AgNP treatment in the four cell lines studied here (Figure 5e) . However, the cell lines most sensitive to AgNPs (Calu-1 and BEAS-2B) showed higher mitochondrial content under basal conditions compared with NCI-H358 cells (Figure 5e ). Additionally, different cell cycle phases have been reported to have different amounts of mitochondria and mitochondrial activity [42] . Therefore, we also analyzed the data stratified by cell cycle phase to ensure that the changes observed in the mitochondrial protein oxidation are not artifacts associated with differences in cell cycle distribution. As shown in Figure  5d for A549 cells as an example, the G2 phase has the highest amount of DCP-NEt2C labeling, 
Mitochondrial Function
The mitochondrial respiration was evaluated with the Seahorse MitoStress assay ( Figure 6 ) after 1 h or 24 h exposure to 10 µg/mL AgNPs. In the case of Calu-1 cells, only the 1 h exposure was analyzed as these cells showed a high degree of cell death at 24 h.
Overall, while there appeared to be some increase in the basal respiration, proton leak and decrease in spare respiratory capacity and coupling efficiency with the AgNP treatment, these changes were not statistically significant (Figure 6d) . However, the AgNP sensitive cell lines BEAS-2B and Calu-1 had the highest spare respiratory capacity in the untreated conditions, followed by A549 and lastly the most resistant (NCI-H358), which had almost no spare respiratory capacity (Figure 6b) . The sensitive cells BEAS-2B and Calu-1 also had about twice as much mitochondrial content compared to NCI-H358 as measured with MitoTracker Green (Figure 5e ), which could partly explain the higher spare respiratory capacity. Among the four cell lines, the Calu-1 had the lowest mitochondrial coupling efficiency (Figure 6c) .
Thus, despite the changes in mitochondrial ROS and protein oxidation induced by AgNP treatment, mitochondrial respiration and ATP production/coupling efficiency were not impaired by treatment.
In order to account for non-mitochondrial effects on ATP levels, we also measured the ATP content in the cells using Promega CellTiter Glo-assay (Figure 7) . Treatment with AgNPs decreased ATP content in cells within one hour for both 1 µg/mL, and 10 µg/mL concentrations and further exposure for 24 h only decreased ATP slightly, except for Calu-1 cells where the cell viability was almost completely lost at 24 h. For the other cell lines, the cells exposed to 10 µg/mL AgNPs for 24 h had statistically significantly less ATP than the cells exposed to 1 µg/mL AgNPs (A549: p = 0.019, BEAS-2B: p = 0.0.10, NCI-H358: p = 0.011). 
Discussion
Several recent studies have shown that exposure to AgNPs is cytotoxic in different cell lines, but with variable response [1, 39, 40, 43] . In addition to the cell type, the particle size, type, surface coating and exposure time also play a role in the cellular toxicity [39, 40] . In general, it is thought that AgNPs enter the cell by phagocytosis or endocytosis and once inside the cell AgNPs, or ionized Ag + released from the nanoparticles, induce ROS and disrupt mitochondrial function [1, 5, 25, 44] . Mitochondria play key roles in many cell processes, including energy production, regulation of cell metabolism and cell viability, synthesis of heme and iron-sulfur clusters, and regulation of calcium, copper, manganese and iron levels. The mitochondrial respiratory chain is one of the major sources of ROS in the cell, which under normal conditions are kept in balance by mitochondrial antioxidant systems. During cellular stress, the mitochondria may become dysfunctional, which can result in increased ROS production and cause cellular damage and cell death [36, 45] .
The studies presented here were designed to mimic potential environmental exposure to AgNPs. In this case, both intracellular and extracellular exposure to AgNPs can have effects. Thus, all cell lines were exposed to equivalent doses of AgNPs, in equivalent volumes of culture media, and cells were plated in identically sized wells at similar cell density, ensuring comparable exposure to AgNPs. Furthermore, the data were collected at multiple time points and doses of AgNPs to be able to assess differences in the timing, magnitude, and type of responses detected among cell types.
We initially evaluated the AgNP-induced cell toxicity using a battery of tests starting with the effects on cell proliferation. As others have reported in various cell lines [1, 5, 15, 43] , we found that the decrease in proliferation with exposure to AgNPs was both time-and dose-dependent. In our panel of four lung cell lines, the most sensitive to the AgNPs was the Calu-1 cell line, followed by BEAS-2B and A549. The most resistant cell line to AgNP exposure was NCI-H358, where decrease in proliferation was seen only at higher concentrations of AgNPs or when combined with ionizing radiation. In the other cell lines, additional irradiation did not further decrease cell proliferation as compared to the AgNP treatment alone. Earlier studies have reported radiosensitizing properties for AgNPs [9, [46] [47] [48] , but our results demonstrate that this might be dependent on the cell type and dose of both IR and AgNPs.
AgNPs have been shown to induce DNA damage, cell death by apoptosis and necrosis, and also cell cycle arrest in different cell lines [1] . The effects on the cell cycle seem to be cell type-dependent; in some studies, S-phase arrest has been reported, whereas others point to G2-phase arrest [1, 23, 44, [49] [50] [51] [52] . In our study, A549 and Calu-1 cells showed accumulation in the G2-phase after AgNP exposure, whereas the BEAS-2B cells accumulated in the S-phase. A549 and Calu-1 also seemed to 
AgNPs have been shown to induce DNA damage, cell death by apoptosis and necrosis, and also cell cycle arrest in different cell lines [1] . The effects on the cell cycle seem to be cell type-dependent; in some studies, S-phase arrest has been reported, whereas others point to G2-phase arrest [1, 23, 44, [49] [50] [51] [52] . In our study, A549 and Calu-1 cells showed accumulation in the G2-phase after AgNP exposure, whereas the BEAS-2B cells accumulated in the S-phase. A549 and Calu-1 also seemed to have some accumulation in the S-phase, but this was not statistically significant. The NCI-H358 cells did not show cell cycle changes related to AgNP exposure. The ionizing radiation caused cell accumulation in the G1-phase in A549 and BEAS-2B cells containing the wild type TP53, and decrease of cells in the S-phase in all cell lines. Interestingly, the effects of ionizing radiation on cell cycle seemed to be different from the AgNP exposure, and there were no combined effects, even though in addition to DNA damage, ionizing radiation can also induce mitochondrial dysfunction and increase in cellular and mitochondrial ROS [53] [54] [55] .
Since the mitochondria appear to be an important target for the effects of AgNPs, we wanted to analyze the redox state of mitochondria by studying both the mitochondrial ROS and protein oxidation. We used two mitochondrial fluorescent probes to study ROS, MitoPY1 for H 2 O 2 and MitoSOX as an indicator of superoxide and other ROS. Both of them showed an increase in fluorescence after 24 h exposure to AgNPs in the AgNP-responsive cell lines (A549, BEAS-2B and Calu-1), but not in the AgNP-tolerant NCI-H358 cell line. In line with these results, there was also a time-and dose-dependent increase in the mitochondrial protein oxidation in the AgNP-sensitive cell lines, but not in the NCI-H358 cells, where a slight decrease was observed at higher concentrations of AgNPs. The TEM imaging showed internalized AgNPs in all cell lines after 1 h exposure, but at higher level in the AgNP-sensitive BEAS-2B and Calu-1 cells, correlating with the stronger increase in protein oxidation (occurring at earlier time points and at lower doses of AgNPs) compared with A549 and NCI-H358 cells. Interestingly, ionizing radiation increased mitochondrial superoxide and protein oxidation only in the A549 cells, which was not further increased with exposure to AgNPs. The different phases of the cell cycle have different redox states [42, 56] , and a redox control of the cell cycle has been proposed [57] . In our study, changes in cell cycle distribution with AgNP treatment were only seen in the cell lines that also had increased mitochondrial ROS and protein oxidation. Of note, even though the NCI-H358 cells showed decreased cell proliferation for combined AgNPs and ionizing radiation treatment, this was not reflected in the mitochondrial ROS or protein oxidation.
We also analyzed the effects of AgNPs on mitochondrial respiration using Seahorse MitoStress assay. The AgNP-responsive cell lines had higher spare respiratory capacity both in the absence and presence of AgNPs, possible due to higher mitochondrial content, than the tolerant NCI-H358. Interestingly, Calu-1, the cell line most sensitive to AgNPs had also the lower capacity for ATP-production. The mitochondrial spare respiratory capacity seemed to decrease slightly with the AgNP treatment along with an increase in the proton leak pointing to mitochondrial dysfunction, whereas the basal respiration appeared to increase. In our study, the changes in the basal respiration, spare respiratory capacity, coupling efficiency or other key parameters of mitochondria function induced by AgNPs were not statistically significant in any of the four cell lines investigated. The effects of AgNPs on mitochondrial respiration have been little studied, but there has been at least one report also showing increased oxygen consumption after exposure to AgNPs in murine hippocampal neuronal HT22 cells [58] .
However, measurement of cellular ATP showed a dose-dependent decrease in ATP levels as early as 1 h of AgNP exposure. Based on TEM analysis, at this time point the AgNPs were primarily localized to endosomal vesicles suggesting the effects were likely caused by the release of Ag + rather than direct interaction of AgNPs with mitochondria. There was only a small additional decrease in ATP with longer exposure to AgNPs, except for Calu-1 which showed almost complete loss of ATP and cell viability after 24 h. Interestingly, a similar decrease in ATP was observed in NCI-H358 cells and yet this did not impact its cellular proliferation. Other studies have also shown a decrease in ATP levels after exposure to AgNPs and loss of mitochondrial membrane potential (reviewed in Reference [44, 59] ). It is possible that the increase in the mitochondrial respiration is a response to lowering levels of ATP in the cells. This increase, in turn, could lead to more mitochondrial ROS, especially in compromised mitochondria.
While the clinical significance of our findings remains to be established, the data are consistent with the pathology of exposure to AgNPs. AgNPs are known to penetrate the lung structures deep into the alveoli through diffusion and to cross the blood-air barrier of the lungs leading to lung inflammation and fibrosis, as well as toxicity to other organs (e.g., kidney, liver) [60] . Interestingly, Calu-1 and NCI-H358 situated at the extremes of sensitivity to AgNPs in our panel of cell lines, both have epithelial phenotype, but were isolated from different anatomical sites. AgNPs resistant NCI-H358 cells have bronchoalveolar origin, while AgNPs sensitive Calu-1 cells were isolated from the lung pleura suggesting the cells lining the lungs may have increased sensitivity to AgNPs. Supporting this hypothesis, published in vivo data showed that systemic administration of silver nitrate induces pleural inflammation and fibrosis in rabbits [61] , and ex vivo studies showed that exposure of sheep pleura to AgNPs increases its permeability [62] . Future in vivo investigations will address the dependence of sensitivity to AgNPs on mitochondrial mass and redox state across the anatomy of lung.
Conclusions
The results of the studies presented here reveal a broad variability in the sensitivity of lung cells to AgNPs determined by several contributing processes: cellular uptake of AgNPs and conversion to Ag + , intracellular relay of redox signaling from endosomes to mitochondria, and the intrinsic capacity of individual cell lines to interfere with this relay and/or respond to mitochondrial oxidative challenge. We have shown that exposure to AgNPs decreases cell proliferation and induces cell cycle arrest in A549, BEAS-2B and Calu-2, but not in NCI-H358 cells. The AgNPs increase mitochondrial ROS and protein oxidation in time-and dose-dependent manner in the sensitive cell lines, but without altering the mitochondrial respiration significantly. The change in mitochondrial redox state was accompanied by a decrease in cellular ATP levels, including in the NCI-H358 cells resistant to AgNPs treatment. The more sensitive cell lines had more mitochondrial content and spare respiratory capacity, potentially making them more susceptible to mitochondrial damage leading to increased ROS levels. Interestingly, ionizing radiation seemed to have separate effects from AgNP exposure, and there was no interaction with AgNPs in most cell lines with the exception of NCI-H358 which showed decreased proliferation with combined radiation and AgNPs treatment at higher doses of radiation. 
